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Section  11  gives  a  comprehensive  overview  of  the  results  of  Miocene  modeling,  including  global  mean 
climate states and ocean circulation, with a closer inspection of sensitivity studies that explore the role of 
nonmodern abiotic and biotic  forcing  factors on  the Miocene climate,  including orbits, paleogeography, 





























































ocene/Pliocene boundary  (base of  the Zanclian Stage)  is defined  in  the Eraclea Minoa  section  in Sicily. 
This equates to the top of the magnetochron C3r and the lowest occurrence of the calcareous nannofossil 




















2.2. Miocene Astronomically Calibrated Isotope Stratigraphy
Over  the  last  decades,  benthic  foraminiferal  stable  isotopes  have  emerged  as  a  powerful  tool  for  strati-
graphic correlation and for  investigation of  long-term fluctuations  in  ice volume, ocean circulation, and 
the global carbon cycle (e.g., Holbourn et al., 2018; Lisiecki & Raymo, 2005; Pälike et al., 2006; Shackleton 
















































values. High-resolution records now reveal  that  the basal Miocene has several high δ18O values  in close 





















2.3. Anchoring the Neogene Time Scale
Intercalibration of the GPTS with the marine isotope cyclostratigraphy is a prerequisite for accurate corre-
lation of paleoclimatic events in marine and terrestrial sequences (e.g., Abdul Aziz et al., 2003; Florindo 





















3. Tectonics, Paleogeography, Erosion, and Ocean Gateways
We summarize (Figure 3) the tectonic evolution of paleogeography and topography throughout the epoch 
according to the Getech Plc. reconstructions (Farnsworth et al., 2019) and illustrate the boundary condi-















In  terms  of  magmatic  activity,  in  addition  to  subduction  along  the  same  subduction  zones  present  on 
Earth today, intense volcanism during the middle to late Miocene erupted huge volumes of basaltic lava 













































































4. Marine Biota and Ecosystems
In this section, we review the fossil record of important groups and comment on the biological evolution 
of the Miocene ocean in relation to factors such as plate tectonics and ocean current realignment, ocean 












Marine  planktonic  siliceous  diatoms  are  important  primary  producers  and  play  an  important  role  in 












































eous nannoplankton primarily  reflect  surface water conditions. This principle has been applied  to  track 
tectonic and paleoceanographic change across the Panama Gateway back to ∼16 Ma (Kameo & Sato, 2000) 
and to quantify past levels of productivity in the incipient Benguela upwelling system during the late Mi-





































Radiolarians  are  marine  zooplankton  that  secrete  siliceous  shells  which,  like  diatoms,  prefer  relatively 
high-productivity environments such as the polar oceans and upwelling zones. The group has been in long-










with  photosymbiotic  algae.  Planktonic  foraminifera  experienced  significant  turnover  in  the  late  Eocene 
and across the EOT, leading to biodiversity reduction particularly among the warm-water groups. The ear-
ly  Miocene  was  a  period  of  gradual  diversification  of  various  genera  that  are  important  in  the  modern 
ocean (Wade et al., 2018). Speciation was mainly in shallow water environments with little significant depth 








































closure  of  the Tethyan  Seaway  strengthened  connections  between  the  proto-Mediterranean  Sea  and  the 






















to  deep-water  (bathypelagic)  modes  of  life  such  as  anglerfish  (Lophiformes),  fangtooths  (Beryciformes), 
and grinners (Aulopiformes), seem to have diversified during the Miocene to recent (Hughes et al., 2018). 




Seabirds  such as Diomedeidae  (albatrosses), Oceanitidae  (storm-petrels), Sulidae  (boobies and gannets), 
Phaethontidae (tropicbirds), and  the extinct Pelagornithidae (pseudo-toothed birds) all originated  in  the 
Paleogene (Mayr, 2009), and presumably occupied similar niches to their modern counterparts throughout 











4.6. Marine Mammals and Kelp
Cetaceans evolved from terrestrial mammals in the Eocene, and for much of the Miocene they were the 
apex predators of the oceans (Fordyce, 2009). The two main groups of modern whales are the odontocet-





























































































































ciduous broad-leaved woodland and  forest  in  the  lowlands  (Collinson et al.,  2009; Currano et al.,  2019; 
Maxbauer et al., 2013; Michel et al., 2014). In southern Africa, the Cape region and eastern shores hosted 












































































































































































lich,  2004).  Miocene  parrots,  anhingas,  and  flamingos  are  also  known  from  Asia,  Africa,  the  Americas, 
New Zealand, and Australia (Baird & Vickers-Rich, 1998; Olson, 1985; Worthy et al., 2010, 2011; Zelenkov, 







































Eurasia at  the same time (Rössner & Heissig, 1999; Werdelin & Sanders, 2010).  In  the middle Miocene, 
hippos evolved in Africa (Werdelin & Sanders, 2010). The beginning of the late Miocene in Africa is also 















hyenas  (Janis  et  al.,  1998).  The  early  to  middle  Miocene  dispersal  of  Eurasian  mammals  represents  an 


















during  the entire Paleogene, which resulted  in even more unique, endemic Miocene  land mammal  fau-






















6.1. Transitions and Variability in Deep Ocean Temperature and Ice Volume Manifest in Benthic 
Foraminiferal δ18O
The Miocene began with  the OMT δ18O maximum, signifying substantial  ice volume  (Figures 1 and 2). 





er  than  the modern  (Liebrand et al., 2017; Miller et al., 2020; Pekar & DeConto, 2007). High-resolution 


























6.2. Miocene Trends in Deep Sea and Sea Surface Temperature


























































isphere glaciations ∼6–5.5 Ma (Holbourn et al., 2018).  In  the  tropical Pacific,  the east-west  temperature 







































































7. Terrestrial Climate Records












7.1. Early to Middle Miocene (Aquitanian, Burdigalian, Langhian) Floral Climate Records
Overall, paleobotanical proxy data indicate that the early to middle Miocene (Aquitanian to Burdigalian, 
∼23–13.8  Ma)  witnessed  increasingly  higher  precipitation  and  temperatures,  especially  at  mid-high  lat-



















































7.3. Other Terrestrial Climate Records





































































the  distribution  and  height  of  plateaus  and  mountain  ranges.  Corresponding  temperature  records  from 




8. Atmospheric CO2 and Carbon Cycle Dynamics















































































8.2. Terrestrial Paleo-pCO2 Proxies
Three  terrestrial pCO2 proxies have been applied  to estimate paleo-pCO2  in  the Miocene–stomata-based 
methods, paleosol carbonate δ13C, and C3 plant δ13C. Each is treated separately as follows:
























were  present  in  the  early  Miocene,  possibly  analogs  to  oscillations  in  pCO2  observed  in  marine  records 
























don,  2012;  <7  Ma),  and  the Tianshui  Basin  of  northern  China  (Ji  et  al.,  2018,  7.1–16.8  Ma). The  latter 




























































carbon  cycle.  Climate  warming  at  the  MCO  additionally  coincided  with  a  massive  increase  in  deep  sea 
carbonate dissolution and substantial  shoaling of  the carbonate compensation depth  (CCD),  so  that  the 
onset of the MCO frequently corresponds to a widespread hiatus in marine sediment records (Holbourn 
et al., 2014; Kochhann et al., 2016). Warming pulses paced by 100 kyr eccentricity through the MCO were 































9. Ice Sheet Dynamics
During the Miocene there was substantial variability of the Antarctic Ice Sheet (AIS), including large tran-

























independent  temperature  estimates,  an  inversion  method  using  ice  sheet  models  or  simple  calibrations 
using independent sea level records. Measuring the Mg/Ca ratio of benthic foraminifera, which also shows 






































































gaps  is extremely important as this  interval  is  increasingly being used as a period of  interest  to evaluate 
climate and ice sheet models.





























9.4. Northern Hemisphere Ice Sheets?
The growth of ice sheets in the northern hemisphere is thought to have begun much later than on Ant-


























































10.1. Overturning Modes Prior to the Miocene
Proxies suggest that, like today, bi-polar deep-water production was ongoing during warm periods of the 
Paleogene, the difference from today being that at times the North Pacific rather than the North Atlantic 

























































10.4. Deep Water Provenance From εNd

















































distributions  (Henrot et al., 2017; Herold et al., 2011a). However,  in  this  review, we  focus on synthesiz-




11.1. Modeled Miocene Surface Climate and Comparison With Data
Several atmosphere-ocean general circulation models have been used to simulate the climate of the middle 
Miocene (∼15 Ma) and the late Miocene (∼11−7 Ma) and carry out global-scale model-data comparisons. 






In a different  study also  focusing on  the middle Miocene, Herold et al.  (2011b) compared  their CCSM3 
simulations with a terrestrial temperature data set (Table 2 of Herold et al., 2011b). Their simulation (with 
335 ppm pCO2) did not warm enough relative to the modern (1.4°C warming in the model compared with 














































































11.2. Ocean Circulation From Models Compared to Data
Establishing  the  timing  of  changes  in  MOC  modes  during  different  stages  of  the  Miocene  is  useful  for 











































































through differences  in ocean heat  transport alone  (Goldner et al., 2014; Haywood et al., 2013; Huber & 
Sloan, 2001; Krapp & Jungclaus, 2011; Z. S. Zhang, Nisancioglu, et al., 2013).






changes  and  are  therefore  considered  as  forcings.  Many  Miocene  modeling  efforts  consist  of  sensitivity 
studies to one or more of these forcings, and below we synthesize each in turn.
Caution is urged in interpreting results of model sensitivity studies such as those described here, given the 

















































11.3.3. Vegetation and Miocene Climate
Henrot et al. (2010) performed one of the first studies in which a factorization type of approach (a series 






































































































Oscillation;  the  tundra/permafrost  biome;  widespread  grasslands  and  their  ecosystems;  as  well  as  mod-













•   The  moderate  pCO2  mostly  recorded  during  the  Miocene  cannot  produce  the  elevated  reconstructed 














•   The drivers of  the  important  shift  from C3–C4 vegetation are still not well understood. The dramatic 
changes  to  Earth's  climate  during  the  Miocene  will  help  advance  research  on  how  physical  changes 
(temperature, precipitation, topography, etc.) affect evolution and function. Grasslands spread at least 
in part  in response to cooling and drying, and ungulates evolved more cursoriality  to  take advantage 












portant  but  challenging  target  for  ice  sheet  models.  Recent  improvements  have  reduced  the  historic 
mismatch between model simulations and proxy records  for  this dynamic behavior, although further 
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